is a matrix-degrading enzyme implicated in many biological processes, including inflammation. It is produced by many cells, including fibroblasts. When cultured in three-dimensional (3D) collagen gels, fibroblasts contract the surrounding matrix, a function that is thought to model the contraction that characterizes both normal wound repair and fibrosis. The current study was designed to evaluate the role of endogenously produced MMP-9 in fibroblast contraction of 3D collagen gels. Fibroblasts from mice lacking expression of MMP-9 and human lung fibroblasts (HFL-1) transfected with MMP-9 smallinterfering RNA (siRNA) were used. Fibroblasts were cast into type I collagen gels and floated in culture medium with or without transforming growth factor (TGF)-␤1 for 5 days. Gel size was determined daily using an image analysis system. Gels made from MMP-9 siRNA-treated human fibroblasts contracted less than control fibroblasts, as did fibroblasts incubated with a nonspecific MMP inhibitor. Similarly, fibroblasts cultured from MMP-9-deficient mice contracted gels less than did fibroblasts from control mice. Transfection of the MMP-9-deficient murine fibroblasts with a vector expressing murine MMP-9 restored contractile activity to MMP-9-deficient fibroblasts. Inhibition of MMP-9 reduced active TGF-␤1 and reduced several TGF-␤1-driven responses, including activity of a Smad3 reporter gene and production of fibronectin. Because TGF-␤1 also drives fibroblast gel contraction, this suggests the mechanism for MMP-9 regulation of contraction is through the generation of active TGF-␤1. This study provides direct evidence that endogenously produced MMP-9 has a role in regulation of tissue contraction of 3D collagen gels mediated by fibroblasts. lung; repair; transforming growth factor-␤
. Among its many functions, MMP-9 has been reported to activate latent transforming growth factor (TGF)-␤ to its active form and to induce TGF-␤ production in epithelial cells (27, 33, 45) . Because TGF-␤ stimulates fibroblasts, these observations have led to the suggestion that MMP-9 plays an important role in the tissue remodeling that characterizes many lung diseases.
A number of in vitro assays have been used to explore tissue remodeling. Among these, culture of fibroblasts in three-dimensional (3D) collagen gels has been used to study the contraction that characterizes both normal wound healing and the development of fibrotic scar tissue (2, 11) . Exogenous stimulation with mediators believed to play an important role in the development of fibrosis, such as TGF-␤, has been found to stimulate fibroblast contractility using this system (24, 25) . Contraction of 3D collagen gels, however, is an intrinsic property of fibroblasts. Importantly, cells cultured from fibrotic tissues contract more than cells from normal tissues (29) , whereas fibroblasts from COPD lung contract less (40) . This suggests that endogenous factors can modulate fibroblast contraction and that this could play a role in the pathogenesis of disease.
The current study, therefore, was designed to explore the potential role of endogenous MMP-9 in modulating fibroblast contractility. To accomplish this, two experimental systems were used. Fibroblasts were isolated from the lungs of MMP-9-deficient and control mice, as were normal human lung fibroblasts in which MMP-9 was suppressed with small-interfering RNA (siRNA) or inhibited with nonspecific MMP inhibitors. Results obtained suggest that MMP-9 regulates fibroblast contraction of 3D collagen gels and suggest that this effect is mediated through the generation of active TGF-␤1. These effects, moreover, are observed under "baseline" conditions of cell culture.
MATERIALS AND METHODS
Materials and cell culture. Type I collagen [rat tail tendon collagen (RTTC)] was extracted from rat tail tendons by a previously published method (30) . Protein concentration was determined by weighing a lyophilized aliquot from each batch of collagen. The RTTC was stored at 4°C until use. Dulbecco's modified Eagle's medium (DMEM), fetal calf serum (FCS), trypsin/EDTA, penicillin G sodium, and streptomycin were purchased from Invitrogen (Life Technologies, Grand Island, NY). Amphotericin B was purchased from Pharma-Tek (Elmira, NY). Recombinant human TGF-␤1, tumor necrosis factor (TNF)-␣, IL-1␤ anti-TGF-␤1 antibody, biotinylated anti-TGF-␤1 antibody, and 4=,6-diamidino-2-phenylindole (DAPI) were purchased from R&D Systems (Minneapolis, MN). Rabbit anti-goat and mouse IgG horseradish peroxidase (HRP) were purchased from Rockland Immunochemicals (Gilbertsville, PA). FITC-conjugated monoclonal anti-pan cytokeratin antibody, anti-vimentin antibody, and propidium iodide were purchased from Sigma (St. Louis, MO). GM-6001 was purchased from Chemicon International (Temecula, CA). Anti-Smad3 antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Human fetal lung fibroblasts (HFL-1) were obtained from the American Type Culture Collection (Rockville, MD). Mice deficient in MMP-9 and wild-type (WT) controls were generated, as described previously (42) . MMP-9 null 129 SvEv mice (gelatinase B Ϫ/Ϫ ) were generated by targeted mutagenesis and housed with WT littermates (gelatinase B ϩ/ϩ ) in a pathogen-free animal facility. Mice were used at 3-4 mo of age. Mouse lung tissues were minced on 60-mm tissue culture dishes (Falcon; Becton-Dickinson Labware, Lincoln Park, NJ) and cultured in DMEM, supplemented with 10% FCS, 50 U/ml penicillin G sodium, 50 g/ml streptomycin sulfate, and 1 g/ml amphotericin B for ϳ3 wk. Under these conditions, only fibroblasts migrated from the minced tissue and proliferated (38) . This is routinely confirmed by vimentin and keratin immunohistochemistry. After trypsinization, cells were replated in a 60-mm dish and cultured another 3 wk with the same medium. Following this, fibroblasts were cultured in 100-mm tissue culture dishes in DMEM with 10% FCS. The fibroblasts were refed three times weekly, and cells between passages 15 to 18 for human and 3 to 8 for murine were used.
Transfection of murine lung fibroblasts with MMP-9. The pRc/ CMV vector (Invitrogen) was used to drive expression of murine MMP-9. The cDNA for murine MMP-9, a gift of Dr. G. Opdenakker, University of Leuven, Belgium, was inserted into the pRc/CMV(Not I-Xba I) vector.
Transfection of pRcCMV/mGelB (MMP-9) was performed as described below. Briefly, murine lung fibroblasts were seeded in six-well plates at 5 ϫ 10 5 cells/well in DMEM with 10% FCS. Once confluent, transfection with the vector was performed. In one tube, 10 l of Lipofectamine 2000 (Invitrogen, Carlsbad, CA) were mixed gently with 40 l of Opti-MEM medium (Invitrogen) and incubated 5 min at room temperature. In another tube, 5 g of DNA were mixed gently with 50 l of Opti-MEM medium. The two tubes were then combined, gently mixed, and incubated for 20 min at room temperature. After incubation, DMEM without FCS and antibiotics was added to obtain a final volume sufficient to add 0.5 ml to each well. Cells were washed with sterile PBS two times and incubated with 0.5 ml of the transfection solution for 4 h at 37°C. Media were then changed to DMEM with 10% FCS, and cells were cultured for 20 h before use.
Transfection with siRNA. siRNA for human MMP-9 and nonspecific siRNA for control were purchased from Dharmacon (SMARTpool, Lafayette, CO). Transfection with siRNA was performed as described previously (16) . Briefly, HFL-1 cells were seeded in sixwell plates at 1 ϫ 10 4 cells/cm 2 in DMEM with 10% FCS. At 70% confluence, transfection with siRNA was performed. In one tube, 10 l of Lipofectamine 2000 (Invitrogen) were mixed gently with 250 l of Opti-MEM medium (Invitrogen) and incubated 5 min at room temperature. In another tube, 200 pmol of each siRNA were mixed gently with 250 l of Opti-MEM medium. The two tubes were then combined, gently mixed, and incubated for 20 min at room temperature. After incubation, DMEM without FCS and antibiotics was added to obtain a final volume sufficient to add 2 ml (final concentration of siRNAs ϭ 100 nM) for each well. Cells were washed with sterile PBS two times and incubated with 2 ml of the siRNA transfection solution for 6 h at 37°C. Media were then changed to DMEM with 10% FCS and cultured for 18 h before use.
Immunofluorescence staining for pan-cytokeratin and vimentin. Murine cells were seeded on eight-chamber glass slides (Nunc, Rochester, NY) at 0.5 ϫ 10 5 cells/well in DMEM with 10% FCS. The next day, cells were fixed in 4% paraformaldehyde in PBS for 10 min, permeabilized with 0.1% Triton X in PBS for 10 min, and incubated with FITC-conjugated monoclonal anti-pan-cytokeratin antibody (1: 200 in PBS) or anti-vimentin antibody (1:200 in PBS) for 1 h. After washing with PBS, propidium iodide (1 g/ml in PBS) was added for 15 min as a counter stain, and the slides were mounted using VectaShield mounting medium.
Immunofluorescence staining for Smad3. After being transfected with MMP-9 siRNA or control siRNA, HFL-1 cells were seeded on eight-chamber glass slides (Nunc) at 0.5 ϫ 10 5 cells/well in DMEM with 10% FCS. The next day, after stimulation with 100 pM TGF-␤1 for 30 min, cells were fixed in 4% paraformaldehyde in PBS for 10 min, permeabilized with 0.1% Triton X in PBS for 10 min, and incubated with anti-Smad3 antibody (1:50 in PBS) overnight at 4°C, followed by incubation with fluorescein-conjugated secondary antibody (1:1,000 in PBS). After being washed with PBS, cells were incubated with DAPI (1 g/ml in PBS) for 15 min as a counter stain, then mounted using VectaShield mounting medium. Cellular localization of fluorescence was examined by fluorescence microscopy and photographed.
3D collagen gel culture. Before preparing collagen gels as described below, fibroblasts were detached by 0.05% trypsin in 0.53 mM EDTA and suspended in 10 ml serum-free DMEM containing soybean trypsin inhibitor. The cell number was then counted with a Coulter Counter. Collagen gels were prepared, as previously described (30) , by mixing RTTC, distilled water, 4ϫ DMEM, and cells. The final concentration was 1ϫ DMEM, 0.75 mg/ml of collagen, and fibroblasts were present at 3 ϫ 10 5 cells/ml for human and 4.5 ϫ 10 5 cells/ml for murine. Following this, 500 l of the mixture was cast into each well of a 24-well culture plate (Falcon). The solution was then allowed to polymerize at room temperature, generally completed in 20 min. After polymerization, the gels were either allowed to remain attached to the plates in which they were cast, or, for the gel contraction assay, the gels were gently released from the plates in which they were cast and transferred to 60-mm tissue culture dishes (3 gels in each dish) that contained 5 ml of SF-DMEM for human cells or 0.1% FCS-DMEM for murine lung fibroblasts with or without TGF-␤1 (100 pM). We have found murine lung fibroblasts do not contract collagen gels under serum-free conditions. Thus 0.1% FCS was added to the medium in which gels were floated. Our prior work has demonstrated that, with concentrations up to 0.2% FCS, the number of fibroblasts in the collagen gels does not increase (24) . The area of each gel was measured daily with an image analyzer (Optomax, Burlington, MA). Data are expressed as the percentage of area compared with the initial gel area. The gels were then incubated at 37°C in a 5% CO2 atmosphere. Zymography. Gelatin zymography was performed by modification of a previously published procedure (15) . After fibroblasts were cultured in gels, conditioned media (0.5 ml) were precipitated with ethanol and resuspended with 30 l of ddH2O and subjected to SDS-PAGE under nonreducing conditions in 10% acrylamaide gels containing 0.1% gelatin. After electrophoresis, gels were washed by gentle shaking for 2 h at room temperature in 2.5% (vol/vol) Triton X. The gels were then incubated at 37°C with shaking in the metalloproteinase buffer (0.06 M Tri·HCl, pH 7.5, containing 5 mM CaCl2 and 1 M ZnCl2) for 18 h at 37°C and subsequently stained with Coomassie blue. Zones of proteolysis appeared as clear bands against a blue background. Supernatants from HT1080 cells were used as positive controls in the zymograms.
Measurement of TGF-␤1 and fibronectin by ELISA. TGF-␤1 in the media of collagen gel cultures was determined by ELISA, which was purchased from R&D Systems and could be used for both human and murine TGF-␤1 quantification. Briefly, ELISA plates were coated with monoclonal anti-TGF-␤1 antibody at 4°C overnight. Plates were washed, and samples or standards of recombinant human TGF-␤1 were added in triplicate to individual wells and incubated at room temperature for 2 h. To measure TGF-␤1, all samples were assayed both with and without acidification and neutralization to convert the latent form to the active form. To accomplish this, a 500-l sample was mixed with 100 l of 1 N HCl and, after 10 min at room temperature, neutralized with 100 l of 1.2 N NaOH/0.5 M HEPES. After being washed, bound antigen was detected after adding biotinylated anti-TGF-␤1 antibody for 1 h at room temperature, followed by another wash, and then streptavidin-HRP conjugate (1:20,000 dilution) was added for 1 h. Bound HRP was then detected with 3,3=,5,5=-tetramethylbenzenzidine. The reaction was stopped with 1 M H 2SO4, and absorbance at 450 nm was determined in a BenchMark microplate reader (Bio-Rad, Hercules, CA). The standard curve was linearized and subjected to regression analysis.
Fibronectin in the media of collagen gel culture was determined by ELISA. Briefly, plates were coated with monoclonal anti-fibronectin antibody at 4°C overnight. After being washed three times, standards and samples were added and incubated at room temperature for 2 h. Bound antigen was detected after adding polyclonal anti-human fibronectin antibody (1:2,000 dilution) at room temperature for 1 h followed by HRP-conjugated anti-rabbit IgG antibody (1:10,000 dilution) at room temperature for 1 h. Bound HRP was detected with 0.1 mg/ml O-phenylenediamine. The reaction was stopped with 8 M H 2SO4, and the product was quantified at 490 nm with a microplate reader (BenchMark; Bio-Rad).
Reporter gene assay. After exposure of HLF-1 cells to MMP-9 siRNA or control siRNA for 24 h, cells were transfected with a total of 2 g/well of CAGA12-Luc (kindly provided by A. Roberts, National Institutes of Health) together with pRL-TK (Renilla for normalization; Promega, Madison, WI) plasmid DNA. After transfection (48 h), media were replaced with serum-free DMEM with or without 100 pM TGF-␤1 for 16 h. After this, Luciferase and Renilla activity were determined with the Dual-Luciferase Reporter Assay kit (Promega) and luminometer (MicroLumat Plus-LB96V; EG&G Berthold, Badwildbad, Germany). These values were normalized against Renilla values and presented as fold induction compared with control.
Statistical analysis. Results are presented as means Ϯ SE. Statistical comparisons of paired data were performed using Student's t-test, whereas multigroup data were analyzed by ANOVA followed by the Tukey's or Bonferroni's posttest using Statview software (Abacus Concepts, Cary, NC). P Ͻ 0.05 was considered significant.
RESULTS
Characterization of mouse cells. After expansion in culture, fibroblasts from mouse lungs were characterized by immunofluorescence staining for pan-cytokeratin and vimentin. Cells had the characteristic spindle-shaped morphology of fibroblasts. Moreover, as shown in Fig. 1A , both cells from WT and knockout (KO) mice were negative for pan-cytokeratin staining and positive for vimentin. Together these features identify these cells as fibroblasts. To assess production of MMP-9 from murine lung fibroblasts, fibroblasts were cultured in 3D collagen gels for 5 days with or without cytokine stimulation. The conditioned media were then harvested and subjected to gelatin zymography assay (Fig. 1B) . As expected, in the WT lung fibroblasts, murine pro-MMP-9 (105 kDa) was released in the culture medium in the presence of TNF-␣ and IL-1␤. In contrast, in the KO cells, murine pro-MMP-9 (105 kDa) was not released, even with cytokine stimulation.
Effect of MMP-9 deficiency on fibroblast-mediated collagen gel contraction. After 5 days, murine WT lung fibroblasts cultured in collagen gels (0.1% FCS-DMEM) had contracted those gels to 69.3 Ϯ 2.4% of their initial area ( Fig. 2A) . In contrast, murine KO lung fibroblasts contracted the gels significantly less than WT fibroblasts (90.1 Ϯ 1.0%, P Ͻ 0.05) after 5 days. Both cell types responded to exogenous TGF-␤, indicating that MMP-9 KO cells were capable of contracting ( Fig. 2A) . In addition, endogenous TGF-␤1 from MMP-9 KO murine lung fibroblast was significantly less than that from WT lung fibroblasts (see data below, see Fig. 5A ).
To determine if endogenous MMP-9 could contribute to the reduced gel contraction, MMP-9-deficient cells that were transfected with an MMP-9 expression vector (pRcCMV/mGelB) were assessed. The KO cells released no MMP-9 (molecular mass 105 kDa) but did release MMP-2, which was detected as a band of lower molecular mass. Following transfection with the expression vector, production of MMP-9 was readily detected by gelatin zymography. Interestingly, MMP-2 release was decreased by transfection (Fig. 2B) . When assessed in the gel contraction assay, MMP-9 KO cells transfected with the expression vector contracted the gels significantly more than untransfected cells (73.3 Ϯ 2.1%) and were similar to WT cells. In contrast, cells transfected with the control vector were no different from the KO cells ( Fig. 2A) .
Effect of MMP inhibitor on fibroblast-mediated collagen gel contraction. To determine the influence of MMPs on contraction of human lung fibroblasts, gels containing HFL-1 fibroblasts were exposed to the nonspecific MMP inhibitor GM-6001. GM-6001 (1 M) inhibited fibroblast contraction of collagen gels significantly over the period of observation. After 5 days, control HFL-1 gels contracted to 58.0 Ϯ 1.2% of their initial area (Fig. 3) . In contrast, gels exposed to GM-6001 contracted significantly less than control (87.7 Ϯ 0.9%, P Ͻ 0.05).
Effect of MMP-9 suppression on fibroblast-mediated collagen gel contraction. Because GM-6001 is a nonspecific inhibitor, its inhibition of gel contraction supports a role for MMPs but does not address a specific role for MMP-9. Because specific pharmacological inhibitors of MMP-9 were not available to us, to investigate the effect of MMP-9 on human fibroblast-mediated collagen gel contraction, siRNA was used to specifically target MMP-9. Suppression of MMP-9 in HFL-1 cells by siRNA resulted in inhibition of the release of MMP-9 in the surrounding medium. However, this was only detectable in the presence of cytokine stimulation (Fig. 4A) . The ability of MMP-9 siRNA-transfected cells to contract collagen gels was significantly less than that of control cells transfected with control siRNA. After 2 days, control siRNA-transfected fibroblast-populated gels were 66.2 Ϯ 2.3% of their initial area. In contrast, gels containing MMP-9 siRNA-transfected cells were 84.5 Ϯ 0.2% of their initial size (P Ͻ 0.05). Both control and siRNA-transfected cells, however, increased gel contraction when exposed to exogenous TGF-␤1, although the control cells still contracted more (45.2 Ϯ 1.3%) than the siRNAtransfected cells (58.4 Ϯ 0.7%, P Ͻ 0.05) (Fig. 4B) . Similar to the results observed with human fetal lung fibroblasts, adult human bronchial fibroblasts also contracted less when transfected with siRNA for MMP-9 (Fig. 4C) .
Effect of MMP-9 suppression on TGF-␤1 release in the gel culture. To determine the effect of MMP-9 on TGF-␤1 release in the 3D collagen gel culture system, release of TGF-␤1 in the culture medium by murine lung fibroblasts with MMP-9 deficiency or HFL-1 cells transfected with MMP-9 siRNA or control siRNA was measured. Both total and active TGF-␤1 concentration was significantly decreased in the 3D culture of MMP-9 KO murine lung fibroblasts compared with WT murine lung fibroblasts (Fig. 5A , P Ͻ 0.05) or MMP-9 siRNAtransfected human lung fibroblasts compared with control siRNA-transfected cells (Fig. 5B, P Ͻ 0.05) .
Effect of MMP-9 suppression on subcellular localization of Smad3. Immunostaining was performed to test whether MMP-9 siRNA could affect nuclear translocation of Smad3 (Fig. 6) . Under baseline conditions, neither control siRNA nor MMP-9 siRNA-transfected cells showed Smad3 nuclear localization. Upon TGF-␤1 exposure, nuclear translocation and accumulation of Smad3 in both groups were observed, indicating that MMP-9, within the sensitivity of the assay used, did not affect Smad3 nuclear translocation.
Effect of MMP-9 suppression on TGF-␤ signaling. Because it appeared that MMP-9 suppression by siRNA knock down or gene deficiency was acting, at least in part, through inhibition of the generation of active TGF-␤1 under baseline conditions, we used the following two methods to assess the effect of MMP-9 suppression by siRNA on TGF-␤1 activity. First, we used the Smad3 reporter construct CAGA12. Incubation of cells with the MMP-9 siRNA significantly reduced CAGA12 reporter activity in baseline cells (Fig. 7A) . Second, we assessed the effect of the MMP-9 siRNA on fibroblast production of fibronectin, the production of which is markedly stimulated by active TGF-␤. Suppression of MMP-9 by siRNA significantly inhibited baseline fibronectin production (Fig. 7B) . The effect of the siRNA for MMP-9 was not due to a generalized inhibition of TGF-␤1 signaling, since addition of exogenous TGF-␤1 stimulated both fibronectin production and CAGA12 activity (Fig. 7 ).
DISCUSSION
The current study was designed to evaluate the role of endogenous MMP-9 in modulating fibroblast-mediated contraction of 3D collagen gels. Fibroblasts cultured from the lungs of mice that are genetically deficient in MMP-9 contracted collagen gels significantly less than did fibroblasts from WT mice lungs. Contractility was restored by transfection of the deficient cells with a MMP-9-expressing vector. Reduced contraction of 3D collagen gels was also observed when normal human lung fibroblasts were incubated with the nonspecific MMP inhibitor GM-6001 and when siRNA was used to suppress MMP-9 expression. MMP-9 deficiency or suppression by siRNA was associated with a reduction in the amount of active TGF-␤1 detectable in murine or human lung fibroblast cultures, respectively. Consistent with a role for endogenous MMP-9 in activating TGF-␤, siRNA for MMP-9 reduced baseline activity of a Smad3-dependent promoter and baseline production of fibronectin. Importantly, the siRNA inhibition did not reduce the ability of exogenous TGF-␤1 to stimulate the Smad3 reporter activity or to stimulate fibronectin production. Taken together, these results suggest that MMP-9 participates in regulation of fibroblast contraction of 3D collagen gels and that this is associated with MMP-9 activation of TGF-␤1.
MMP-9 is a mixed-function proteinase produced by a large number of cells as a proenzyme with a molecular mass of 92 kDa in human and 105 kDa in mouse (1, 4, 43) . Proteolytic cleavage of MMP-9 yields the active enzyme, which, in turn, can degrade a large number of substrates (7, 14, 17, 26) . Targeted deletion of MMP-9 in the mouse results in animals that have delayed long bone growth and altered epithelial migration (10, 19, 42, 50) . This suggests that MMP-9 plays a role in tissue repair and remodeling. In this context, MMP-9 has been suggested to release or activate a number of cytokines and growth factors, including TGF-␤1 (33, 45) .
TGF-␤1 is a multifunctional cytokine that modulates many functions believed important in tissue repair and remodeling (5, 28) . Included among these is the production of extracellular matrix and the production of enzymes that can degrade extracellular matrix and inhibitors of those enzymes (12, 20) . TGF-␤1 also is a potent stimulator of fibroblast contraction of 3D collagen gels (24, 25) , which is believed to be a model of the contraction that characterizes both normal wound healing and fibrotic scar tissue. The current study supports the concept that MMP-9 may contribute to modulation of tissue structure by inducing the formation of active TGF-␤1, leading to augmented contractile activity of fibroblasts. TGF-␤ can be activated by multiple pathways, including both proteolytic cleavage and integrin-mediated conformational changes (36, 39) . In this context, fibroblast contraction can activate TGF-␤ by an ␣ b ␤ 5 -integrin-dependent mechanism (47). Our results demonstrate that MMP-9 stimulates contraction and contributes to TGF-␤ activation. Direct activation of TGF-␤ MMP-9, which can stimulate contraction, may be one possible pathway (45) . Alternatively, MMP-9 could stimulate contraction by an alternate mechanism, and the contraction could lead to TGF-␤ activation. This raises the possibility that MMP-9 and TGF-␤ could participate in a contraction-dependent positive feedback loop that regulates fibroblast function. The potential for positive feedback between TGF-␤ and MMP-9 is further supported, since TGF-␤ can modulate release of MMP-9 (32, 46) . MMP-9 production by unstimulated fibroblasts is low. MMP-9 was, in fact, undetectable by zymography in our human cell cultures, although a faint band was detectable in normal murine lung fibroblasts. Low levels of MMP-9 were detected in human fibroblasts under basal conditions by ELISA and by Western blot. Interestingly, in other studies, we have shown that MMP-9 release by fibroblasts is greater in the 3D collagen culture system used in the current study than it is in monolayer culture (data not shown). In the presence of inflammatory cytokines such as IL-1␤ and TNF-␣, MMP-9 synthesis was also upregulated. Under baseline conditions, despite its low level of expression, the current study suggests that MMP-9 plays a functional role in our collagen gel contraction assay system. In the presence of IL-1␤ and TNF-␣, although the amount of MMP-9 was increased, there was not further augmentation of collagen gel contraction by fibroblasts, rather, as we have previously shown, collagen gel contraction is significantly inhibited due to stimulation of PGE 2 and NO synthesis induced by these cytokines (49) .
Consistent with the effect of MMP-9 on gel contraction under baseline conditions, both the genetically deficient murine lung fibroblasts and the siRNA-treated human lung fibroblasts have similar and clearly detectable functional alterations. It is unlikely that the effects of the siRNA were due to nonspecific effects, since the control siRNA was without effect. Off-target effects, however, cannot be entirely excluded. The sensitivity of these measures of TGF-␤1 to MMP-9 suppression by siRNA was confirmed by pharmacological inhibition, although the inhibitor used, GM-6001, is not specific for MMP-9. Importantly, very low levels of active TGF-␤1 appear to be present within our cultures, and these are suppressed in the absence of MMP-9.
The current study provides direct immunoassay evidence that MMP-9 leads to activation of TGF-␤ under baseline conditions. This is confirmed using the Smad3 reporter gene construct and fibronectin as markers of TGF-␤ function. Both of these functional consequences of active TGF-␤1 were re- WT and MMP-9 KO murine lung fibroblasts were cast into collagen gels. Gels were released and allowed to contract. After 2 days, culture medium was harvested for TGF-␤1 quantification by ELISA. B: HFLs. After transfection of control or MMP-9 specific for siRNA into HFL-1 cells, fibroblast-populated collagen gels were prepared, and the media were harvested on day 2 after the gels were released and cultured in 60-mm dishes. TGF-␤1 was measured by ELISA. duced by suppression of MMP-9. We have previously reported that Smad3, but not Smad2, was required for exogenous TGF-␤1 augmentation of collagen gel contraction by human lung fibroblasts (16, 24) . In the current study, with endogenous TGF-␤1 under baseline conditions, we were unable to demonstrate an alteration in Smad3 nuclear localization due to MMP-9 suppression. However, the failure to detect a difference in Smad3 nuclear localization may be due to the insensitivity of the histochemical assay. Consistent with this, very little Smad3 nuclear localization was observed despite clear activity with the Smad3 reporter. These functional assays provide indirect evidence that MMP-9 by activating TGF-␤1 contributes to the "basal" activity of fibroblasts. Several additional lines of evidence suggest that the effects observed are not due to nonspecific inhibition of MMPs. First, similar results were obtained with both the deficient murine cells and the siRNA-treated human cells. Second, transfection of the murine cells with an MMP-9-expressing vector restored contractility. Third, the addition of exogenous TGF-␤1 to both the murine KO and the human siRNA-treated cells resulted in augmented contraction. This indicates that both the murine KO cells and the siRNA-suppressed human cells were capable of contracting and responding to TGF-␤1.
TGF-␤ signals by activating a cell-surface receptor that is a serine kinase. Several signal transduction pathways are activated by TGF-␤. Previous results have demonstrated that Smad3 signaling is required for TGF-␤1 augmentation of 3D collagen gel contraction (24) . TGF-␤1 can also signal by additional mechanisms, involving either Smad2 or TAK (34) . TGF-␤ induction of fibronectin, for example, is believed to be a Smad3-independent effect (13) . The inhibition of fibronectin production observed with the siRNA for MMP-9, therefore, is consistent with a generalized inhibition of TGF-␤1 actions.
The current study evaluated fibroblasts cultured in 3D gels made of native type I collagen maintained in floating culture. This culture system has been widely used to evaluate the contraction of extracellular matrix that characterizes both normal wound healing and fibrosis. Fibroblasts cultured in 3D collagen gels respond to growth factors and produce proteins differently than fibroblasts maintained in monolayer culture (14, 23) . Under the conditions used, in the presence of 0.1% FCS, fibroblasts neither undergo apoptosis nor do they proliferate (24) . While these cells resemble cells in tissue in a number of ways, baseline culture conditions are certainly not the same as resting conditions in vivo, and the cells may have been activated in some ways. In this regard, both latent (72 kDa) and active (66 kDa) forms of MMP-2 were constitutively released into the surrounding medium when fibroblasts were cultured three dimensionally as detected by zymogram. While the role of MMP-2 remains to be investigated, we have previously reported that collagen is not degraded by MMP-2 under baseline conditions even in the presence of elastase (48) . In contrast, the latent form (92 kDa) MMP-9 could be detected by zymogram only in the presence of cytokines such as IL-1␤ and TNF-␣. Furthermore, we have previously reported that latent MMP-9 does not degrade the collagen gel as determined by hydroxylproline measurement (48) . Therefore, it is unlikely that MMP-9 would degrade the collagen gels under baseline conditions in the current report.
Fibroblasts are capable of responding to siRNAs, although the effects may be transient. Whereas the time course of siRNA suppression was not assessed in the current study, time-dependent recovery would have minimized the effects observed. The observations made, therefore, support a role for MMP-9 in modulating collagen gel contraction and TGF-␤ in fibronectin release.
The full functional role of MMP-9 remains to be defined. The current study, however, suggests that MMP-9 may play a key role in modulating tissue reorganization mediated through fibroblast contractile activity and that this effect is due to MMP-9 generation of endogenous active TGF-␤1. Consistent with our findings, mice that lack MMP-9 display delayed wound healing (18) , and MMP-9 induced cardiac fibroblast migration and collagen and cytokine secretion (44) . 
